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Abstract 

Background: There is considerable interest in the conversion of lignocellulosic biomass to liquid fuels to 
provide substitutes for fossil fuels. Pretreatments, conducted to reduce biomass recalcitrance, usually remove at 
least some of the hemicellulose and/or lignin in cell walls. The hypothesis that led to this research was that 
reactor type could have a profound effect on the properties of pretreated materials and impact subsequent 
cellulose hydrolysis. 

Results: Corn stover was dilute-acid pretreated using commercially relevant reactor types (ZipperClave® (ZC), 
Steam Gun (SG) and Horizontal Screw (HS)) under the same nominal conditions. Samples produced in the SG 
and HS achieved much higher cellulose digestibilities (88% and 95%, respectively), compared to the ZC sample 
(68%). Characterization, by chemical, physical, spectroscopic and electron microscopy methods, was used to gain 
an understanding of the effects causing the digestibility differences. Chemical differences were small; however, 
particle size differences appeared significant. Sum-frequency generation vibrational spectra indicated larger 
inter-fibrillar spacing or randomization of cellulose microfibrils in the HS sample. Simons' staining indicated increased 
cellulose accessibility for the SG and HS samples. Electron microscopy showed that the SG and HS samples were 
more porous and fibrillated because of mechanical grinding and explosive depressurization occurring with these 
two reactors. These structural changes most likely permitted increased cellulose accessibility to enzymes, enhancing 
saccharification. 

Conclusions: Dilute-acid pretreatment of corn stover using three different reactors under the same nominal conditions 
gave samples with very different digestibilities, although chemical differences in the pretreated substrates were small. 
The results of the physical and chemical analyses of the samples indicate that the explosive depressurization and 
mechanical grinding with these reactors increased enzyme accessibility. Pretreatment reactors using physical force to 
disrupt cell walls increase the effectiveness of the pretreatment process. 
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Background 

Currently, there is considerable interest in the conver- 
sion of lignocellulosic biomass to liquid fuels to provide 
substitutes for fossil fuels. Biomass is considered to be 
the only sustainable resource with the potential to de- 
liver renewable fuels on a national scale [1,2]. However, 
the terrestrial plant cell wall has evolved into a complex 
structure, naturally recalcitrant to biological and chem- 
ical attack [3]. This high recalcitrance greatly impedes 
access of enzymes to biomass cellulose [4], thus increas- 
ing conversion costs. To date, no cost-effective process 
for converting biomass to liquid fuels has been adopted 
for commercial-scale biofuel production, as we still do 
not know how to efficiently overcome the barrier of bio- 
mass recalcitrance. 

Pretreatments, conducted to reduce biomass recalci- 
trance, usually remove at least some of the hemicellulose 
and/or lignin in cell walls. Current pretreatment tech- 
nologies operate with different chemistries at varying 
temperatures and for different reaction times [5]. Among 
the leading pretreatment technologies, dilute acid pre- 
treatment has long been recognized as one of the more ef- 
ficient pretreatments for producing materials that are 
more accessible to cellulase enzymes [6-8]. However, 
techno-economic analyses suggest that pretreatment ac- 
counts for a large part of the total capital investment of 
cellulosic biorefineries [9,10]. The choice of pretreatment 
technology is determined by the operational and capital 
equipment costs associated with that pretreatment tech- 
nology balanced against the sugar yields that can be 
achieved. The hypothesis that led to this research was that 
reactor type could have a profound effect on the proper- 
ties of pretreated materials and thus affect subsequent cel- 
lulose hydrolysis. Even at the same pretreatment severity. 



the choice of reactor type and its operational mode such 
as heating profile, solid mixing, pressure release, etc., 
could profoundly affect the physical structure of the pre- 
treated substrates. 

In this study, pretreatment experiments have been 
conducted in three commercially relevant reactor types 
with widely different modes of operation. The diagrams 
for these three reactors are shown in Figure 1. The Zip- 
perClave® (ZC) and steam gun (SG) are batch reactors in 
which biomass is pretreated and discharged at the end 
of pretreatment, whereas the horizontal screw (HS) re- 
actor is a screw-fed, plug flow reactor with continuous 
biomass feed. Not only is the mode of operation differ- 
ent for each reactor, but the pretreatment mechanism of 
each reactor is also different. For the SG reactor, pressure 
is explosively released at the end of pretreatment. With 
the ZC, steam pressure is released gradually through a 
globe valve into a heat exchanger. Decompression in the 
continuous HS reactor is rapid, with discharge of pre- 
treated biomass to atmospheric pressure using two alter- 
nating ball valves. The differences in operation mode and 
biomass discharge have an impact on cellulose properties 
and accordingly on the enzymatic digestibility of the cellu- 
lose in the pretreated biomass. 

In this study, corn stover feedstock was pretreated 
under the same temperature (160°C), residence time 
(5 minutes), and acid concentration (2.0 wt% sulfuric 
acid). Chemical and physical characterizations, as 
well as spectroscopic and imaging analyses were con- 
ducted on the pretreated corn stover to allow a side- 
by-side comparison of the effects of pretreatment in 
the three reactors. The mechanisms responsible for 
the differences in cellulose hydrolysis results are also 
discussed. 



Steam 




Discharge 



L- 



+IMPREGNATED 
STOVER 



Thermocouple 




• = measurement point 



CONTINUOUS REACTOR 



(-CONDENSATE) 



T 

^TE) • 



(+ACID) (+STEAM) 



FLASH TANK & 
BATCH REACTOR 



-WHOLE SLURRY, 1st I 
(-WHOLE SLURRY, 2nd) 1 
-RINSE COLLECTION I 



A B C 

Figure 1 Schematic diagrams of tiie tiiree reactors. (A) ZipperClave® (ZC), (B) steam gun (SG) and (C) horizontal screw (HS) reactors. 
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Results 

Digestibility of pretreated corn stover samples 

The pretreated corn stover samples from the three reactors 
were digested with a cellulase complex. Figure 2 shows the 
cellulose conversion for the three pretreated samples. All 
three samples exhibited classic digestion curves with a fast 
initial hydrolysis rate gradually leveling off before ap- 
proaching maximum conversion. Compared to the ZC, the 
SG and HS reactor pretreated samples hydrolyzed much 
faster in the beginning and had higher final conversions at 
above 90% after 120 h, whereas the sample from the ZC 
only achieved 70% cellulose conversion. The properties of 
the pretreated samples were then examined to find expla- 
nations for the differences in digestibility of the samples. 

Composition of pretreated corn stover samples 

Corn stover was dilute-acid pretreated in the ZC, SG and 
HS reactors as described above under the same nominal 
conditions: 160°C, 5 minutes, and 2.0 wt% sulftiric acid. The 
compositions of the pretreated samples from each reactor 
are listed in Table 1. Generally, the compositions of the corn 
stover samples pretreated in the three reactors were similar. 
Among the three reactors, the HS and SG reactors had more 
xylan removal than the ZC reactor, as shown in Table 2. 

Changes in biomass components as measured by ^^C cross 
polarization/magic-angle spinning (CP/MAS) solid-state 
nuclear magnetic resonance (NMR) spectroscopy 

The ^^C CP/MAS solid-state NMR spectra of un- 
treated and pretreated corn stover samples are shown 



in Figure 3. All peaks were assigned from references in 
the literature [11-13]. 

The cellulose region (60 to 110 ppm) is typical of pre- 
treated corn stover samples. The crystallinity of the cellu- 
lose cannot be assessed as with pure celluloses because of 
overlap from peaks in this region due to the xylan and lig- 
nin that remain in the samples. Overall, the NMR spectra 
of these samples closely resembled that of the unpre- 
treated whole corn stover starting material. There were a 
few relatively small differences in the spectra, mostly 
indicating changes in lignin structure and hemicellu- 
lose content. 

Peaks in the 165 to 185 ppm region were assigned to 
carbonyl groups. These peaks are mainly derived from 
the acetyl groups in hemicelluloses. As the hemicellulose 
was rapidly solubilized during dilute acid pretreatment, 
acetyl groups in the hemicellulose were removed. Com- 
pared to corn stover pretreated in the SG and HS reactors, 
slightly more carbonyls remained in the ZC pretreated 
sample. This corresponds to the higher level of residual 
xylan remaining in pretreated solid from the ZC and 
agrees with the compositional analyses. 

In the aromatic peak region corresponding to lignin 
(110 to 165 ppm), phenolic S3/5 peaks at 149 ppm in- 
creased for all three samples, indicating that p-0-4 ether 
linkages in lignin were cleaved during pretreatment and 
free phenolic hydroxyl groups were produced. The three 
pretreated samples had almost the same lignin spectrum 
except that the ZC pretreated sample had slightly more 
non-phenolic (154 ppm) and fewer phenolic (149 ppm) 
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Figure 2 Enzymatic digestion of acid pretreated corn stover with GC 220 (1% cellulose loading, enzyme: GC 220 20 mg/g cellulose, 
50°C, pH 5.0, 1 30 rpm). PCS, pretreated corn stover. 
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Table 1 Composition of pretreated corn stover 





Total ash, % 


Extractives, % 


Lignin, % 


Glucan, % 


Xylan, % 


Galactan, % 


Arabinan, % 


Acetyl, % 


Mass closure, % 


Untreated 


5.8 


12.3 


12.3 


34.0 


22.0 


1.6 


3.1 


2.9 


94.0 


ZC 


6.2 


0.0 


24.1 


53.3 


9.0 


0.7 


2.2 


1.5 


97.0 


SG 


6.5 


0.0 


24.0 


60.2 


4.8 


0.7 


2.1 


0.6 


98.9 


HS 


9.2 


0.0 


25.9 


57.4 


3.2 


0.1 


0.4 


0.6 


96.8 



ZC, ZipperClave®; SG, steam gun; HS, horizontal screw. 



groups in the lignin structure, suggesting that pretreat- 
ment in the ZC was milder and less destructive to lignin 
than pretreatment in the other two reactors. 



digestibility by decreasing mass transfer resistance or by 
increasing the exposed external surface area of the bio- 
mass particles. 



Particle size of pretreated corn stover samples 

The particle sizes of the pretreated corn stover samples 
were measured by laser diffraction. These analyses showed 
a bimodal distribution of particles with some particles in 
the 10 to 100 [im range and others in the 100 to 2000 [im 
range (Figure 4). After pretreatment, the particle size dis- 
tribution of all the samples shifted to smaller particles. For 
the SG and HS reactor samples, not only did the fraction 
of large particles decrease, but also the distribution of the 
small particles shifted to a smaller size. The corn stover 
pretreated in the ZC had a much larger fraction of large 
particles than the other two reactors. Overall, there was a 
significant decrease in the mean particle sizes of the sam- 
ples due to pretreatment, from the mean particle size of 
the untreated corn stover (343 [im) to the ZC (245 (im), 
SG (187 [im) and the HS reactor (134 [im) pretreated ma- 
terials. Compared to acid pretreatment without explosive 
decompression, pretreatment in the SG and HS reactors 
appeared to be more destructive to the integrity of the 
biomass, resulting in smaller particle sizes. A further de- 
crease in particle size was obtained with the HS reactor 
possibly due to the grinding effect of the screw inside the 
reactor. 

Particle size is considered one of the structural features 
that can have the greatest affect on biomass enzymatic di- 
gestibility. Our results showed both acid pretreatment 
with and without explosive decompression decreased 
biomass particle size. Increasing cellulase adsorption 
and cellulose digestibility by decreasing particle size 
has previously been reported [14-16]. The decrease in 
particle size is indicative of a change in the physical 
structure of the biomass and could result in an increase in 



Table 2 Xylan removal from corn stover 


by acid 


pretreatment in the three reactors 




Reactor 


Xylan removal, % 


ZC 


79 


SG 


88 


HS 


93 



The potential error in determining xylan removal was estimated at < ±1%. ZC, 
ZipperClave®; SG, steam gun; HS, horizontal screw. 



Cellulose degree of polymerization (DP) 

Cellulose DP is thought to be one of the many factors 
that influence cellulose hydrolysis [17,18]. In this study, 
pretreatment in the different reactors produced little dif- 
ference in cellulose DP. The DP of all three samples 
dropped from 7,200 to about the same level 1,600 to ap- 
proximately 1,800. It is well-recognized that the molecu- 
lar weight of cellulose decreases when treated with acid 
[19-22]. Our results show that the decrease in cellulose 
DP was not affected by the different operational modes 
of the reactors, and it appears unlikely that changes in 
cellulose DP can explain the differences in digestibility 
of these samples. 

Cellulose crystal structure as measured by sum-frequency 
generation (SFG) vibration spectroscopy 

SFG is a non-linear optical process that takes place only 
when an optical medium without inversion symmetry is 
irradiated with high-intensity laser pulses [23]. The crys- 
talline cellulose in microfibrils has certain vibration 
modes that meet this noncentrosymmetry requirement; 
thus, cellulose in biomass is SFG-active. Hemicellulose 
and lignin are amorphous and therefore not SFG-active. 
Using this principle, crystalline cellulose in lignocellu- 
losic biomass can be selectively detected by SFG vibra- 
tion spectroscopy without spectral interference from 
non-cellulosic components [24]. The SFG signal inten- 
sity is also sensitive to spatial arrangement or distribu- 
tion of crystallites over the optical coherence length of 
the SFG process in the sample [25]. Thus, SFG can pro- 
vide information about the cellulose crystal structure 
and crystalline cellulose arrangement in biomass without 
the requirement for isolation or purification of the 
cellulose. 

Figure 5 compares the SFG vibrational spectra of the 
pretreated corn stover samples from the three different 
reactors. All samples show the same peaks: a weak peak 
at 2,850 cm"^ and a strong peak at 2,944 cm"^ in the 
C-H stretch region, and a peak at 3,320 cm"^ with a 
shoulder at 3,450 cm"^ in the O-H stretch region. The 
2,850 cm"^ and 2,944 cm"^ peaks are assigned to 
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Figure 3 13C cross polarization/magic-angle spinning (CP/MAS) solid-state nuclear magnetic resonance (NMR) spectra of untreated 
and pretreated corn stover from three reactors. Spectra were normalized to the cellulose peak at 72 ppm. ZipperClave®; SG, steam gun; HS, 
horizontal screw. 



symmetric and asymmetric CH2 stretch vibrations, re- 
spectively, of the cellulose ip crystal [24]. The 3,320 cm"^ 
peak is mainly due to the O-H groups involved in intra- 
chain hydrogen-bonding interactions in the cellulose 
I|3 crystal. The main difference among the samples is 
the CH2/OH intensity ratio. It is especially noted that 
the CH2/OH ratio is small for the HS reactor sample 
(1.1 ±0.1) compared to the ZC (1.7 ±0.4) and SG re- 
actor (1.7 ± 0.5) samples. This could be related to vari- 
ations in the ordering of cellulose microfibrils in the 



pretreated cell wall. The net dipole of the 3,320 cm" 
OH stretch mode directs along the cellulose chain, 
whereas the dipole of the 2944 cm"^ CH2 stretch 
mode is assumed to be perpendicular to the cellulose 
chain direction [24]. The coherence of the polar order- 
ing of vibration modes perpendicular to the fibril dir- 
ection would be more sensitive to the separation 
distance or relative orientation between fibrils than 
that of vibration modes parallel to the fibril direction. 
Thus, the decrease in CH2 intensity for the HS reactor 
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Figure 4 Particle-size distribution of pretreated corn stover samples. Each data point is the average of three replicates. ZipperClave®; SG, 
steam gun; HS, horizontal screw. 
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Figure 5 Sum-frequency generation (SFG) spectra of pretreated corn stover samples. ZipperClave®, SG, steam gun; HS, horizontal screw. 



sample without a significant change in OH intensity, 
compared to the other samples, would suggest more 
separation or randomization of cellulose microfibrils 
in this sample compared to those produced in the 
other reactors. 

Substrate accessibility as measured by the Simons' 
staining technique 

The Simons' staining technique has been used for meas- 
uring biomass accessibility/ reactive surface area and has 



shown success in estimating a given pretreated substrate 
susceptibility to hydrolysis by cellulases [26,27]. The ad- 
sorption isotherm of each dye was obtained by plotting 
the free-dye concentration in the solution versus bound 
dye on the fiber (Figure 6). Analysis of the adsorption 
isotherm of dyes was performed using a Langmuir iso- 
therm model, which has previously been used to describe 
absorption of cellulase to cellulose [28,29]. B^^^, the max- 
imum amount of direct blue (DB) or direct orange (DO) 
dye adsorbed to a cellulosic substrate, calculated using 
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Figure 6 Adsorption isotherms of dyes on pretreated samples. ZipperClave®; SG, steam gun; HS, horizontal screw; DB, direct blue; DO, 
direct orange. 



Wang et al. Biotechnology for Biofuels 2014, 7:57 
http://www.biotechnologyforbiofuels.conn/content/7/1/57 



Page 7 of 1 2 



Equation 3, as described in the Methods section, was used 
to calculate the orange/blue (O/B) ratio, which is used to 
estimate the substrate accessibility of lignocellulosic sam- 
ples [30,31]. Compared to untreated corn stover, all three 
pretreated samples showed a higher O/B value (Table 3) 
than the untreated sample, reflecting increased accessibil- 
ity of the cellulose. In addition, the SG and HS reactor 
pretreated samples exhibited higher O/B ratios than the 
sample pretreated in the ZC. A good correlation was 
found between the O/B ratio and cellulose conversion 
(after 96 h) for each sample (Figure 7). These results indi- 
cate that reactor operation can produce substantially dif- 
ferent levels of cellulose accessibility leading to significant 
differences in cellulose digestibility. 

Cell wall ultrastructure as measured by transmission 
electron microscopy (TEM) 

The differences in cell wall ultrastructure revealed by 
TEM were quite striking. The ZC samples displayed the 
characteristic evidence of delamination and relocalization 
of lignin evidenced by a cell- wall banding pattern with in- 
creasing contrast compared to the control (Figure 8A and 
B). We have become accustomed to seeing delamination 
within the S2 layer and between the S2 and S3 layers, but 
the extensively and finely delaminated cell walls seen in 
the SG and HS reactor samples are impressive (arrows. 
Figure 8C and D). In addition to dislocation between adja- 
cent cells and delamination between the major cell wall 
layers, the SG and HS reactors generate a micro- 
fibrillation of the cell wall. Across large areas of the 
wall it appears that every lamella has been separated and 
individual or small bundles of microfibrils can be seen. 

Discussion 

Among the three reactors, the HS reactor produced a 
solid substrate that exhibited the highest cellulose di- 
gestibility. Results from analysis of the chemical and 
physical structural features of the pretreated samples in- 
dicate the reasons for the higher digestibility observed 
for samples from the horizontal reactor. The results also 
help us gain a better understanding of the general factors 
governing biomass recalcitrance to enzymatic hydrolysis. 

The limiting factors that affect enzymatic hydrolysis of 
biomass are usually divided into two groups: one group 
is related to the chemistry and structure of the substrate 



and the other is related to the mechanisms and interac- 
tions of the cellulase enzymes with the substrate. There 
are several structural features considered to be involved 
in biomass recalcitrance including cellulose crystallinity, 
cellulose DP, substrate porosity, particle size, and surface 
area. From the results of this study, it appears that 
dilute-acid pretreatment with and without explosive de- 
compression made little difference to cellulose DP. In 
this study, there were slightly higher levels of xylan re- 
moval in the corn stover pretreated in the SG and HS 
reactor, although all pretreated materials had high levels 
of xylan removal (that is, close to or above 80%). Jeoh 
and coworkers [4] previously showed that xylan removal 
above 80% has little influence on cellulose digestibility in 
pretreated biomass. 

The physical property that was most affected by using 
different reactors was particle size. The decreased bio- 
mass particle size resulted in increased external surface 
area that could increase accessibility of the enzymes to 
the substrate; however, this is just one indicator that the 
operation of the reactors produced greater enzyme ac- 
cessibility. The SG and HS reactors add a mechanical 
component to pretreatment severity that affects particle 
size; however, this is not the only effect of the mechan- 
ical action of these reactors. TEM imaging shows that 
there is substantial delamination and fibrillation in the 
SG and HS reactor pretreated samples that are likely 
caused by the explosive decompression at the exits to 
these reactors. Mechanical shearing of the samples is 
also caused by the grinding action of the mixing screws 
inside the HS reactor. SFG vibration spectra indicate in- 
creased inter-fibrillar spacing or randomization of the 
cellulose microfibrils, which would increase the accessi- 
bility of enzymes to cellulose microfibril surfaces. The 
results from the Simons' stain technique confirm that 
pretreatment with the SG and HS reactor significantly 
increased the accessibility of the cellulose in the sub- 
strates obtained with these reactors. Overall these tech- 
niques indicate that the operation of the reactors resulted 
in significant differences in the internal and external sur- 
face areas of the pretreated biomass particles, leading to 
differences in accessibility. 

Substrate accessibility or available reactive area is a 
collective reflection of biomass structural features, which 
include but are not limited to cellulose crystallinity. 



Table 3 Adsorption of dyes and cellulose conversion of substrates 



Sample Maximum adsorbed orange Maximum adsorbed blue Orange/blue ratio Cellulose conversion 

dye, mg/g substrate dye, mg/g substrate at 96 h, % 



Untreated 


26.4 


16.8 


1.57 


21.5 


ZipperClave® 


49.3 


19.6 


2.51 


67.8 


Steam gun 


61.7 


20.5 


3.01 


88.0 


Horizontal screw 


69.4 


20.9 


3.32 


95.2 
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Figure 7 Correlation of the orange/blue (0/B ratio) with cellulose conversion (after 96 h) for the untreated and pretreated samples. 

ZipperClave®; SG, steam gun; HS, horizontal screw. 



biomass particle size, and pore volume. This parameter 
is intrinsically difficult to define and quantify. It is well- 
recognized that cellulose, hemicellulose and lignin are 
closely cross-linked in natural plant cell-walls, forming a 
very tightly packed structure. This dense macromolecu- 
lar matrix coupled to highly ordered crystalline cellulose 
limit enzyme accessibility. Indeed, some researchers have 
indicated that substrate accessibility is a key factor af- 
fecting substrate-enzyme interactions, limiting the effi- 
ciency of enzymatic hydrolysis [4,17,32-35]. 

The differences in cellulose digestibilities of the sam- 
ples pretreated in the three reactors studied here dem- 
onstrate the importance of the mechanical aspect to the 
operation of these three reactors. Differences in cellulose 
digestibility may be attributed to enzyme accessibility, 
which is substantially increased by the rapid decompres- 
sion in the SG and HS reactor and by the grinding ac- 
tion of the mixing screws in the HS reactor. The 
comparatively slow decompression of the ZC does not 
produce the extensive changes in cell wall structure 
observed in samples produced in the other two reac- 
tors. Therefore, when designing pretreatment reactors, 
consideration should be given to utilizing mechanical 
force that could beneficially disrupt biomass cell walls 
during pretreatment. 

Conclusions 

Dilute-acid pretreatment of corn stover using three dif- 
ferent reactors under the same nominal conditions gave 
samples with very different digestibility, although chem- 
ical differences were small. Particle size was the one 



physical property that appeared significantly different in 
the pretreated samples. SFG vibrational spectra and Si- 
mons' staining indicated increased cellulose accessibility 
in the SG and HS samples. TEM images showed these 
samples to be more fibrillated. It is likely that the ex- 
plosive depressurization and mechanical grinding with 
these reactors caused increased enzyme accessibility. 
Pretreatment reactors using physical force to disrupt 
cell walls increase the effectiveness of the pretreatment 
process. 



Methods 

Biomass feed stocks 

The corn stover used in this study was harvested from 
the Kramer farm in Wray, CO, USA. The feedstock was 
milled to H inch prior to dilute acid pretreatment. 



Dilute acid pretreatment of biomass in different reactors 

Seven 15 -kg batches of corn stover feedstock were im- 
pregnated with dilute sulfuric acid (2.0 wt%) for 3 h 
using a recirculating bath, and then combined and 
mixed by a modified method of coning and quartering 
[36,37]. The mixed impregnated feedstock was dewa- 
tered using a horizontal tapered screw-press to 60% total 
solids prior to pretreatment, and then mixed again by 
coning and quartering. The pretreatment conditions for 
all three reactors (Figure 1) were the same: 160°C, 5 mi- 
nutes and 2.0 wt% sulfuric acid. The pretreated slurry 
was washed with de-ionized (DI) water six times before 
enzymatic hydrolysis. 
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ZC reactor 

Pressed dilute-acid impregnated feedstock (160 g) was 
inserted into the 4-L ZC® vertically stirred reactor (Auto- 
clave Engineers, Erie, PA, USA). Steam was directly 
injected into the bottom of the reactor through ports in 
a rotary-plow type of agitator and constant temperature 
was achieved by controlling the steam pressure in the re- 
actor. The ZC reactor is also equipped with an electrical 
heating blanket set at reaction temperature to lessen 
steam condensation due to heat losses through the re- 
actor wall. The contents within the ZC reactor typically 
reached reaction temperature within 5 to 10 s of starting 
the steam flow as measured by two thermocouples, one 
inserted into the bottom and one near the middle of the 
reactor. At the end of pretreatment, the steam pressure 
was slowly released through a condenser over a period 
of 15 to 30 s to lessen boil-over, then the pretreated 
solids were sealed in a plastic freezer tub and stored at 
4°C for later analysis. 



SG reactor 

The 4-L National Renewable Energy Laboratory (NREL) SG 
reactor is constructed of Hastelloy C-22 for corrosion resist- 
ance. A steam jacket, thick insulation, and temperature- 
controlled electrical heating bands limit heat loss to the 
environment, thereby reducing steam condensation in- 
side the reactor during pretreatment. The NREL SG was 
loaded with 500 g of sulfuric acid-impregnated and 
pressed corn stover that was quicldy heated (approxi- 
mately 5 to 10 s) via direct steam injection to the desired 
reaction temperature as measured by two thermocouples. 
At the end of the residence time, the pretreated solids 
were explosively discharged into a nylon HotPill® bag in- 
side a 200-L flash tank. The bags were removed from the 
flash tank and stored at 4°C until ready for analysis. 

HS reactor 

The single-screw continuous HS pretreatment reactor fab- 
ricated by Metso Paper Inc. (Norcross, GA, USA; formerly 
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Sunds Defibrator), was constructed of Hastelloy C2000. 
The reactor was heated via direct steam injection. The re- 
actor is also equipped with steam jackets that reduce heat 
loss from the barrel of the reactor to the environment. A 
nominal throughput rate of 200 kg dry feedstock/ day was 
used to perform continuous steady-state pretreatment. 
Acid-impregnated biomass and steam were continuously 
fed to the barrel of the reactor by a plug screw feeder and 
discharged at the other end to atmospheric pressure 
through two alternating ball valves. Pretreated slurry was 
collected from the flash tank and stored at 4°C for later 
analysis. 

Composition analysis of biomass sample 

The compositions of raw and pretreated corn stover 
samples were measured in duplicate using the standard 
NREL methods for determining biomass carbohydrates, 
acid insoluble lignin, ash and acetate content [38]. The 
standard errors for these analyses were below the 1.5 wt%. 

Enzyme digestions 

The commercial enzyme formulation GC 220 (Genencor/ 
Danisco) was used to digest the corn stover samples. Di- 
gestions were performed in 125-mL Erlenmeyer flasks 
containing 50 mM citrate buffer, pH 4.8, at a biomass 
loading of 1.0% glucan (w/v). Digestion conditions were 
130 rpm at 50°C. The cellulase enzyme was loaded at 
20 mg protein per g of cellulose. Samples were taken peri- 
odically and analyzed by high performance liquid chroma- 
tography (HPLC) for cellobiose and glucose. Cellulose 
conversion was defined as the percentage of glucose and 
cellobiose released compared to the theoretical maximum. 

Determination of cellulose degree of polymerization (DP) 

The molecular weight distribution of cellulose in pre- 
treated corn stover was determined by size-exclusion 
chromatography (SEC). The procedure was modified 
from prior published methods [39,40]. Samples were first 
carbanilated so that cellulose would dissolve in the SEC 
eluant tetrahydrofuran (THE), and 10 mg of a vacuum 
dried sample was placed into a 5-mL reaction vial and 
2 mL of dry pyridine and 1.2 mL of phenyl- isocyanate 
were added. The reaction vial was kept at 70°C for 24 h 
to complete the reaction. Methanol (1.2 mL) was added 
to the reaction mixture to react with the excess phenyl- 
isocyanate at the end of the reaction. The carbanilated 
cellulose was then precipitated in 26 mL of methanol/ 
water (7:3, v/v) and the precipitate was washed twice 
with methanol/water (26 mL) before being dissolved in 
THE (20 mL). 

SEC was performed using five columns (PLgel 10^, 
10^ 10^ 10^ and 10^ A) to cover the broad range in mo- 
lecular weight of the cellulose samples. A calibration 
curve was obtained using narrow polystyrene standards 



of known molecular weight to convert retention time into 
molecular weight. Consequently, all molecular weights de- 
termined in this work are not absolute, but are only 
relative to the calibration curve. The conditions for the 
chromatography were as follows: flow rate 1.0 mL/mi- 
nute, UV detector wavelength 235 nm, injection vol- 
ume 50 (iL, and column temperature 25°C. Cellulose 
DP was calculated by dividing the apparent molecular 
weights by 519 (molecular weight of a repeating unit 
of a carbanilated cellulose with the degree of substitu- 
tion of 3.0). 

Determination of particle size 

The particle size of biomass samples was measured using 
laser diffraction on a Mastersizer 2000 with the Hydro 
2000G module (Malvern Instruments, Worcestershire, 
UK). The instrument measures particle sizes over the 
range from 0.02 to 2,000 [xm in a recirculating liquid sus- 
pension. Eor the analysis, 0.05 to 0.2 g of each cellulose 
sample was dispersed in water in a 15-mL centrifuge tube. 
Thereafter, individual dispersed samples were vortex 
mixed and transferred to the Hydro 2000G module 
that contained 0.8 to 1.0 L of deionized water, with a 
stirrer setting of 600 rpm and a pump setting of 
1,250 rpm. After a 30-s delay, three 15-s readings (30 s 
apart) of the circulating samples were acquired and 
averaged. The volume-weighted mean value was used 
to represent the mean particle diameter (MPD). Each 
sample was run in triplicate and MPD is shown as the 
average of the triplicates. 

^^C CP/MAS solid-state NMR analysis 

The high-resolution ^^C CP/MAS solid-state NMR spec- 
tra were recorded on a Bruker Avance 200 MHz spec- 
trometer at 4.7 T with a 7 mm BL probe (HP WB 73A 
MAS 7 BL CP VTN), operating at 50.13 MHz for ^^C at 
room temperature [41]. The spectral acquisition parame- 
ters were: spinning speed 7,000 Hz, contact pulse 2 ms, 
acquisition time 32.8 ms, delay between pulses 1 s, and 
50,000 scans. The adamantane peak was used as an ex- 
ternal reference (5c 38.3 ppm). Chemical shifts (5) were 
given in 6 values (ppm). 

SFG vibration spectroscopy 

Pretreated corn stover samples were analyzed with SFG 
vibration spectroscopy [24]. The 1,064 nm 27 ps laser 
pulse with a repetition rate of 10 Hz from an Nd:YAG 
laser (EKSPLA) was transformed to a 532 nm laser pulse 
through a frequency-doubling crystal. A tunable 2.3 to 
10 [im infrared laser pulse was generated through optical 
parameter generation/amplification processes of the Nd: 
YAG laser outputs. The p-polarized infrared beam and 
s-polarized visible beams were temporally and spatially 
overlapped on the pressed pellet sample. The incidence 
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angles of the infrared and visible beams were 56° and 60° 
with respect to surface normal, respectively. The SFG 
signal was detected in the reflection geometry with a 
beam collimator to increase the signal collection effi- 
ciency. A monochromator was used for filtering the SFG 
signal (s-polarized) which was recorded with a photo- 
multiplier. SFG spectra were taken at 4 cm"^ intervals in 
the C-H stretch vibration region (2,700 to 3,050 cm"^) 
and 8 cm"^ intervals in the O-H stretch vibration region 
(3,100 to 3,800 cm"^). Each data point was an average of 
100 laser shots, with SFG intensity normalized over IR 
and visible input laser intensities at each shot. Each 
spectrum shown in this paper represents the average of 
spectra from 10 different locations on the sample pellet. 

Simons' staining for measurement of pore volume 

The Simons' staining technique was employed to quan- 
tify the total surface area/pore volume of corn stover 
samples following the method of Chandra [26] . Two dir- 
ect dyes, Pontamine Fast Sky Blue 6BX and Pontamine 
Fast Orange 6RN (Pylam Products, Garden City, NY, 
USA) were used for this measurement. Biomass samples 
(100 mg) were weighed into six 15-mL centrifuge tubes, 
and 1.0 mL of PBS (pH 6.8, 0.1 M) was added to each tube. 
A 1:1 mixture of DB (10 mg/mL) and DO (10 mg/mL) 
solution was added to each tube in a series of increas- 
ing volumes (0.25, 0.50, 0.75, 1.0, 1.5, and 2.0 mL for 
each dye solution). Distilled water was added to each 
tube to make a final volume of 10.0 mL. The tubes 
were kept at 70°C for 6 h with shaking at 200 rpm. 
After incubation, the tubes were centrifuged at 10,000 rpm 
for 5 minutes and the supernatant was measured for ab- 
sorbance at 455 nm and 624 nm on a UV-visible spectro- 
photometer (Beckman Coulter DU 800, Brea, CA, USA). 
The concentration of free DB or DO dye in the super- 
natant, C, was determined using the following two equa- 
tions (Lambert-Beer law) [30], where A is the absorbance 
of the mixture at 455 or 624 nm, e is the extinction coeffi- 
cient of DB or DO at the respective wavelength, and L is 
the path length (1 cm in this study): 



^455 — ^5455 LCb + £0455 LCq 
^624 = ^5624 LCb -\- £0624 LCq 



(1) 

(2) 



A Langmuir isotherm was used to describe adsorption 
of the dyes to cellulose. The maximum amount of DB or 
DO dye adsorbed to cellulosic substrate can be calcu- 
lated using the following equation: 



B- 



■ Kd + [C] 



(3) 



where B (mg/g substrate) is the amount of dye bound to 
the substrate, [C] (mg/mL) is the free dye concentration 
in the solution, ^max is the maximum amount of dye 



bound to the cellulosic substrate, and Kd is the dissoci- 
ation constant for the dye-substrate complex at adsorp- 
tion equilibrium. 

TEM 

Thin (60 nm) resin-embedded sections were positioned 
on 0.5% Formvar-coated copper slot grids (SPI Supplies, 
West Chester, PA, USA). Grids were post-stained for 
6 minutes with 2% aqueous uranyl acetate and for 6 minutes 
with 1% aqueous KMn04 to selectively stain for lignins. Im- 
ages were taken with a 4 mega-pixel Gatan UltraScan 1000 
camera (Gatan, Pleasanton, CA, USA) on a FEI Tecnai G2 
20 Twin 200 kV LaB6 TEM (FEI, Hilsboro, OR, USA). 
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